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The decay dynamics of the 7f Rydberg state (V = 1) of NO has been investigated with laser 
multiphoton excitation methods; not only NO + ions generated by autoionization, but also 
fragment nitrogen atoms produced by predissociation have been directly probed. The fragment 
atoms have been found to populate both the 2p3 ‘DJ and 2p3 4S3,2 states. Population yield in 
the 4S state shows strong dependence on each 7frotational level of NO, and this dependence is 
remarkably correlated with autoionization yield, while no such significant dependence exists 
for the 2D state. From the fact that only odd Y levels generate the 4S state, dissociative states 
causing this predissociation process have been identified as Zf states. Through detailed 
analysis, it has been shown that the predissociation rate of this channel is much larger than the 
autoionization rate, and that the N ( 2D) -generating predissociation is also mainly caused by 
dissociative );’ states. Moreover, it has been found that a major part of the total decay rate of 
each rotational level is strongly correlated with magnitude of its fu character. From these facts, 
it has been concluded that the decay process in the Zlfstate is mainly governed by 
predissociation due to direct coupling with dissociative Z + valence states, which have been 
identified as A ’ 2X+ and I 2X+ for the N(4S)- and N( ‘D)-generating predissociation channels, 
respectively. 
1. INTRODUCTION 
A molecular Rydberg state with its Rydberg electron 
lying in a large angular momentum orbit has generally been 
considered to have little interaction with valence states or 
other Rydberg states.‘” This is based on the fact that the 
high centrifugal potential barrier prevents the Rydberg elec- 
tron from penetrating into the ion core. However, only a 
small number of studies have been made concerning this 
type of Rydberg states, and those studies have concentrated 
only on energy level analysis and linewidth measurements. 
Consequently, the true characteristics of the interaction 
with other states has not yet been fully clarified. 
The difficulty in studying this type of Rydberg states 
probably arises from the difficulty in photoexciting them. 
The nf( I = 3) Rydberg state of the NO molecule is one rare 
example that can be easily photoexcited. A one-photon ab- 
sorption study by Jungen and Miescher’ first clarified some 
interesting characteristics of thef Rydberg state: They found 
that, even in the lowest 4f Rydberg state, there is no evidence 
of significant perturbation, and that its rotational structure 
is well described in terms of Hund’s case (d) coupling 
scheme. Since then, various spectroscopic studies on the nf 
Rydberg states of NO have been reported by several 
groups.8-‘6 Specifically, Anezaki et al9 and Biernacki et 
al.14 investigated highly excited nf Rydberg states (n = 7- 
32) by means of two-color double resonance techniques. 
They analyzed the rotational structure of those Rydberg 
states based on a long range interaction mode1’~“~‘* intro- 
duced by Jungen and Miescher. Although this model is a 
relatively simple one in that it describes the electron-core 
interaction by using only the quadrupole moment and polar- 
izability of the core, the calculated results accurately repro- 
duce the observed spectra. This fact can be considered to 
reflect the small core penetration of the f electron. Based on 
these spectroscopic studies, it is well established that the nf 
Rydberg states of NO do not undergo appreciable perturba- 
tions from other Rydberg states except for weak nf-nd inter- 
actions and accidental perturbations. As for mixing with va- 
lence states, there have been no reports. These facts seem to 
mean that the nf state of NO is a very pure Rydberg state. 
This situation is in striking contrast with the case of lower 
angular momentum Rydberg states (I = s, p, and d), which 
are strongly perturbed both by valence and other Rydberg 
states because of deep core penetration of the Rydberg elec- 
tron.” 
However, it is still possible that the dynamics of the nf 
states is appreciably influenced by mixing with other states, 
since the above investigations have been performed with 
only energy level analysis and linewidth measurements and 
are quite insufficient for correct understanding of perturba- 
tions, in particular, from continuum states. Moreover, in the 
case of a superexcited Rydberg state,” which lies above the 
first ionization threshold owing to its vibrational and/or ro- 
tational energy, the situation is further complicated, because 
it can decay through autoionization processes in addition to 
radiative and predissociation processes. In fact, in spite of 
the small core penetration of the nf state, it is theoretically 
possible that long range interactions between the ion core 
and the Rydberg electron via multipole moments and polar- 
izability of the core can cause rotational and/or vibrational 
autoionization, which is much faster than the radiative de- 
cay.‘* In case of superexcited nf Rydberg states of NO, the 
presence of autoionization decay of the 4f (v = 3) I0 and 7f- 
32f (v = 1)9*“,‘4 states has been reported: For example, 
Eyler et al.” and Biernacki et aI.14 measured lifetimes of 
rotational levels of the 4f state (v = 3) and of the 7x 12A and 
15f (v = 1) states, respectively. From the fact that the life- 
time of each state is much shorter than the radiative decay 
time, they suggested that the decay process of those states is 
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mainly governed by autoionization. However, the observed 
lifetimes show considerable rotational state dependence, 
ranging from several ps to several hundreds ps, which has 
not yet been explained in terms of autoionization. 
An alternative cause for the short lifetimes of the super- 
excited nf Rydberg states can be predissociation. Although 
predissociation in the nf Rydberg states has generally been 
considered to play no important role, some authors have 
suggested its significance in the decay dynamics: Huber et 
a1.13 observed the lack of infrared emission from many rota- 
tional levels of the 4f state (v = 0; this state is below the first 
ionization threshold), and attributed this behavior to predis- 
sociation. Anezaki” found that, while his calculated results 
of the 6f+-A ‘8 + (0,O) transition probabilities are in good 
agreement with a rotationally resolved absorption spectrum, 
those of the 7f and 8f+A 28 + ( 1,l) transitions show strik- 
ing differences from the observed autoionization spectra. 
His experimental results show that autoionization yields of 
the superexcited 7f and 8f Rydberg states (v = 1) strongly 
depend on their rotational levels, suggesting the effects of 
predissociation. 
In our previous work,22 we demonstrated direct obser- 
vation of predissociation in superexcited Rydberg states 
(l=s,p,andf;n=8-17,v=l)ofNObymeansofreso- 
nance-enhanced multiphoton ionization (REMPI) detec- 
tion of fragment nitrogen atoms. We found that, contrary to 
our expectation, yields of nitrogen atoms from the superex- 
cited nf Rydberg states are so large as to be comparable to 
those from the np states, which are strongly predissociative. 
This clearly shows that not only autoionization but also pre- 
dissociation processes play very important roles in the decay 
dynamics of the superexcited nf Rydberg states. In the pres- 
ent paper, we shall report on the rotational dependence of 
the decay dynamics of the superexcited 7f Rydberg state 
(v = 1). For each 7f rotational level (v = 1) , we have mea- 
sured relative yields of NO + ions and nitrogen atoms gener- 
ated by autoionization and predissociation, respectively, by 
means of the same excitation and detection methods as used 
in the previous work. As a result, remarkable rotational state 
dependence of the decay processes has been observed. Com- 
paring those results with previous lifetime measurements by 
Biemacki et a1.,14 it has been found that the decay process of 
this state is governed by two predissociation processes 
caused by dissociative valence states having the 28 + sym- 
metry. 
II. EXPERIMENT 
Figure 1 shows the excitation and probing schemes used 
in the experiment. For excitation of the 7f Rydberg state, a 
two-color double resonance technique is applied in order to 
eliminate band congestion. The first laser excites the mole- 
cule to a single rotational level of the A 22 + (3~0) state 
(v = 1 ), which is successively excited to the 7f Rydberg 
state (v = 1) by the second laser. It is well known that the 
latter transition is very strong in spite of the small d charac- 
ter of the 3s~ orbital in the A 22 + state, though clear expla- 
nation has not yet been given.8V9r23 On the other hand, the 
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FIG. 1. (a) Energy diagram and excitation scheme for the NO molecule, 
and (b ) probing scheme for the nitrogen atom. 
transition because of the similarity between the potential 
curves for the A state and the 7f state. Consequently, we can 
achieve efficient excitation to the v = 1 level of the 7f state. 
The 7f state (v = 1) has three open dissociation chan- 
nels as shown in Fig. 1. Nitrogen atoms produced by predis- 
sociation should be in the metastable 2p3 “DJ and/or 
ground 2p3 “S,,, states. Each species is detected by the 
REMPI method, in which the third laser photoionizes the 
atom through a three-photon process enhanced by two-pho- 
ton resonance with the 3p 2S,,2 +2p3 2D5,2 or 
3p 4D7,2 +2p3 4S,,2 transition. 
In order to normalize the predissociation and autoion- 
ization yields of each rotational level, absorption intensity of 
the 7f+A 211 + ( 1,l) transition is measured by a fluores- 
cence dip method,9*24 in which we observe an intensity de- 
crease of the fluorescence from the intermediate A state; this 
decrease is proportional to the absorption intensity of the 
7f+A transition, since the decrease represents population 
depletion of the A state upon the 7f +. A excitation. 
Frequency doubled outputs of three pulsed dye lasers 
are used to excite NO molecules and to probe fragment ni- 
trogen atoms. Spectral width of each output is about 0.4 
cm- ‘. The first excitation laser operates at about 0.3 
mJ/pulse in energy and is unfocused; the second one ( (0.1 
mJ/pulse) is focused by a f = 2000 mm lens. The third laser 
( ~0.5 mJ/pulse), which probes the fragment nitrogen 
atom, is focused by a 200 mm lens. There is no time delay 
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between the two excitation pulses, whereas the probe pulse is 
delayed by 20 ns with respect to the excitation pulses. In the 
measurement of autoionization yield (NO + detection), the 
first and second lasers are sufficiently weakened to avoid 
saturation of the ion detector. 
To eliminate collisional effects, we use a supersonic jet 
expansion of pure NO gas. The gas is expanded from a stag- 
nation pressure of 1 atm to the vacuum chamber with a typi- 
cal background pressure of 2 x 10 - 6 Torr. The N + and 
NO + ions are separately detected using a time-of-flight 
mass spectrometer equipped with a multichannel plate elec- 
tron multiplier. The repelling electric field for extracting the 
ions into the flight tube is applied to the interaction region 
after about 60 ns following the probe laser pulse. This delay 
allows the observation to be free from external field effects. 
Fluorescence from the intermediate A state is detected by an 
ultraviolet sensitive photomultiplier via a suitable array of 
lenses and filters. 
Ill. RESULTS AND DISCUSSION 
A. Observed spectra 
Figure 2 shows typical examples of the observed spectra, 
in which the first laser excites the molecules to the A ‘2 + , 
II = 1, iV = 1 level and the second laser wavelength is 
scanned around the 7f+A ‘I: + ( 1,l) transition. In Fig. 2, 
the following signals are shown: (a) fluorescence intensity 
from the intermediate A state, (b) N + ions detected when 
the probe laser is fixed to the 3p ‘S,,, +2p3 2D,,2 two-pho- 
ton transition of the nitrogen atom, (c) the same as (b) 
except that the probe laser is fixed to the 
3~ ‘Dm +2p3 “S,,, two-photon transition, and (d) NO+ 
ions. We hereafter call spectrum (a) a “fluorescence dip 
spectrum,” which is equivalent to an absorption spectrum of 
the7f+A( 1,l) transition. Spectra (b) and (c) represent the 
dependence of the N ( 2D) and N( 4S) yields on the rotational 
levels of the 7f Rydberg state ( tl = 1 ), respectively [we ig- 
nore the fine structure dependence in N(2DJ) production]. 
Therefore, we call them “N( 2D) - and N( 4S)-yield spectra,” 
respectively. Previous theoretical consideration’* and pho- 
toelectron measurementsI show that photoionization effi- 
ciency of the 7f Rydberg state (V = 1) is much lower than 
autoionization efficiency. Considering this, it is reasonable 
that spectrum (d) represents the autoionization yield. Con- 
sequently, we can call this spectrum an “autoionization 
spectrum.” 
The peaks (dips) in the spectra show the rotational 
structure of the 7f-A( 1,l) transition. Their assignments 
are given in Fig. 2 according to a detailed analysis performed 
by Anezaki et aL9 The 7f state is well described by Hund’s 
case (d) coupling scheme, while the A 22 + state is described 
by Hund’s case (b). Rotational branches at a transition of 
Hund’s case (b) to case (d) are labeled by R ‘-N ‘ANY, where 
R is a quantum number of the ion core rotation, Nis a quan- 
tum number of the total angular momentum apart from spin, 
and LY’ is a projection of the orbital angular momentum onto 
an axis of the core rotation. Rotational selection rules for 
these quantum numbers are AN = 0, f 1 and R ‘- 
N” =o, f2. 
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FIG. 2. Excitation spectra observed when the second excitation laser wave- 
length is scanned over the 7fc of = 1) -A ‘H + ( v = 1 ,N = 1) transition of 
NO with the first excitation laser wavelength fixed at the 
A *Z+ (V = l,N= 1) -X% transition; (a) fluorescence dip spectrum 
(fluorescence intensity from the intermediate A state), (b) N?D)-yield 
spectrum (N + intensity detected when the probe laser is fixed at the 
3P *s,, -2~’ 2D,,, two-photon transition of the nitrogen atom), (c) 
N(“S) -yield spectrum [the same as (b) except that the probe laser is fixed at 
3p ‘D,,* +~P”S’~,, ], and (d) autoionization spectrum (NO+ intensity). 
The assignments in the figure show a’-“‘“AN, (see the text). 
B. Competition between predissociation and 
autoionization 
Spectra (b) and (c) in Fig. 2 clearly show that the su- 
perexcited 7f state (u = 1) decays not only through autoion- 
ization processes but also through predissociation processes 
generating N ( 2D) and N( 4S). Although a major contribu- 
tion of nonradiative processes to this state was pointed out 
by Biernacki et ai.14 and Anezaki,21 only autoionization has 
ever been experimentally observed. The present observation 
is, to our knowledge, the first one that has directly shown the 
presence of predissociation processes. 
Intensity distributions of the spectra in Fig. 2 are very 
different from each other. This indicates that the decay pro- 
cess of the 7f state strongly depends on its rotational levels. 
The fact that the N(4S)-yield spectrum lacks the ‘Q _ 2 
branch is particularly significant, indicating that the upper 
level(7f,v=l,R=3,9= -2,N=l)ofthistransition 
does not predissociate to N(4+S’). On the other hand, this 
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branch in the autoionization spectrum is remarkably en- 
hanced in comparison with the fluorescence dip spectrum; 
this means that the autoionization yield of the R = 3, 
3 = - 2, N = 1 level is enhanced compared with other 
rotational levels. These results clearly show that the predis- 
sociation and autoionization processes are competing with 
each other and the competition strongly depends on the rota- 
tional levels. A similar behavior is also seen in Fig. 3, in 
which the 7f state is excited via the N = 2 rotational level of 
the intermediate A state; the N (4S’)-yield spectrum lacks two 
branches (‘Q, and 2Q _ 2 ), and these branches are remark- 
ably enhanced in the autoionization spectrum. 
Relative intensities of the rotational branches in Figs. 2 
and 3 are listed in Table I, where we also show their magni- 
tudes normalized by absorption intensities measured from 
the fluorescence dips. In Table I, those intensities are ex- 
pressed as ratios with respect to the magnitude in the OR, 
branch of each N U group. In addition, linewidths measured 
by Biemacki et aZ.14 are shown in the last column. It is rea- 
sonable to consider that each linewidth represents the total 
decay rate in the upper state of each rotational branch, be- 
cause the lower state decays by only radiative processes, 
which are much slower than the decay of the upper state. As 
shown in the last column, total decay rates of the odd L? 
levels are much larger than those of the even 5“ levels. On 
the other hand, relative autoionization yields of the odd 5“ 
levels are much smaller than those of the even L! levels. 
These facts clearly indicate that in the odd 9’ levels the 
predissociation rate is larger than the autoionization rate. 
This means that predissociation is the main decay process, at 
least, in the odd 9 levels. This is in remarkable contrast 
with what has often been speculated in previous studies, in 
which the predissociation process is considered to make only 
a minor contribution to the decay dynamics in high I and 
high n Rydiierg states such as the 7f state. 
From Table I, we can very roughly estimate a relative 
rate of each decay process. We denote the N ( 2D) -generating 
predissociation rates by k L and k >, for even and odd L? 
levels, respectively, the N(4.S)-generating rate by k g, and 
the autoionization rates by k > and k z. Total decay rates of 
the odd 9 levels are roughly ten times larger than those of 
the even 9’ levels, so that 
lO(k’,+k;)=:k”,+k;+k;. (1) 
Autoionization yields of the odd L? levels are roughly one- 
fifth of those of the even L? levels, while N (‘0) yields from 
both levels are almost equivalent. Yields of fragment atoms 
and NO + ions are determined by ratios between the rates of 
competing processes. Therefore, we can write 
k;/(k;+k:)=:5k;/(k”,+k:+k;), 
k’b/(k; + k:)=:k”,/(k”, + k”, + k:). 
(2) 
(3) 
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Although it should be noted that these are very rough esti- 
mations and represent only qualitative tendency, we find 
that the N(4S)-generating predissociation rate is consider- 
ably larger than the autoionization rate of the odd L? levels, 
and that the autoionization rate of the even -57 levels is as 
small as that of the odd -9’ levels. As for the predissociation 
to N(2D), we can see that the rate for the odd L? levels is 
much larger than that for the even 5! levels. This means that 
the N( 2D) -generating predissociation rate also strongly de- 
pends on the parity of the L? quantum number, in spite of no 
significant dependence seen in the N( 2D) yield. This may be 
because the strong dependence of the N ( 2D) -generating rate 
is canceled by the similar dependence of the N ( 4S’) -generat- 
ing predissociation rate, as is understood from Eq. (3). An- 
other possible reason may be that the N( 2D)-generating pre- 
dissociation is much faster than any other processes. We 
cannot determine at present which reason is correct, be- 
cause, unfortunately, a magnitude relation between the 
N(2D)-generating predissociation rate and the other rates 
cannot be derived from the present data. 
FIG. 3. Same as in Fig. 2 except that the first laser wavelength is fixed to 
excite the N = 2 level of the A ‘2 + state ( v = 1) . 
Regardless of the magnitude of the N( 2D)-generating 
predissociation rate, Eq. (5) clearly shows that the total pre- 
dissociation rate of the odd L? level is much larger than the 
autoionization rate. This supports the qualitative estimation 
described before, showing the significance of the predisso- 
ciation process, at least, in the odd LZ levels. 
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TABLE I. Intensity distributions of the observed spectra. Values in parentheses are standard deviations. 
NO+ N?D) NC-3 
Fluo. dip - - Linewidth 
N” Branch If rot. state (absorption) NO + N(‘D) N(??) FIuo.dip Fluo.dip Fluo.dip (MHz)” 
1 OR’ R = 1,-Y’ = l,N = 2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 7 490 
1 lP-, R = 3,-Y’ = - 3,N = 0 0.37 0.19 0.41 0.47 0.52 1.10 1.27 23 570 
(0.05) (0.02) (0.10) (0.11) (0.12) (0.41) (0.45) 
1 2Q-2 R=3,.5?= -2,N=l 0.84 4.79 0.65 0.0 5.72 0.77 0.0 650 
(0.10) (0.33) (0.14) (1.07) (0.26) 
1 ‘R-, R = 3.9’ = - l,N= 2 0.56 0.55 0.47 0.54 0.98 0.82 0.97 5 770 
(0.08) (0.08) (0.09) (0.17) (0.28) (0.28) (0.43) 
2 -‘R, R=O,Y=3,N=3 1.69 
(0.13) 
2 OP_, R = 2,Y = - l,N= lb . . . 
2 %?a R = 2.9 = O,N= 2 0.84 
(0.07) 
2 OR, R=2,.Y’=l,N=3 1.00 
2 =p_, R = 4,T’ = - 3,N= 1 1.21 
(0.04) 
2 ‘Q 1 R = 4,Y = - 2,N = 2 1.11 
(0.07) 
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’ From Ref. 14. 
bSignal intensities of the ‘P- , branch are too weak for quantitative measurement. 
C. Predissociation mechanism of the odd 2 levels 
The strong rotational state selectivity seen in both the 
N (‘S)- and N( ‘0) -generating predissociation rates allows 
us to determine the symmetry of dissociative states responsi- 
ble for the predissociation processes, as described by Huber 
et a1.13 for a perturbation in the 4fstate of NO. The parity of 
a rotational level described by Hund’s case (d) is given by 
- ( - 1 )N( - 1) y, which means that odd 2 levels have 
B + symmetry and even 2’ levels have Z - symmetry. 
Therefore, the selective predissociation of the odd 2 levels 
is attributed to mixing with dissociative states of B + sym- 
metry. (Noteadded inproox In this discussion, we neglected 
the spin-orbit interaction, which allows 2- valence states to 
interact with 2’ symmetry levels.) 
At this stage, it is unknown whether this predissociation 
is due to direct coupling with dissociative valence states or 
due to indirect coupling via other predissociating Rydberg 
states. However, by analyzing the data of linewidths mea- 
sured by Biemacki et aZ.,l4 we can present evidence of direct 
coupling, as described below. 
As Biemacki et a1.‘4 pointed out, in addition to the 
strong dependence on the parity of the 2 quantum number, 
total decay rates show a more detailed rotational-state de- 
pendence on individual odd 2’ levels, as seen in Table I. 
Although this dependence looks very complicated and it 
seems as if there is no systematic tendency, we find that it can 
also be explained in terms of direct coupling with dissocia- 
tive B + valence states, as follows: If the total decay rate is 
mainly due to coupling with Z + valence states (whether the 
coupling is direct or not), the rate should have an apprecia- 
ble relation with the fa character of the 7f state. It is there- 
fore meaningful to estimate the magnitude of this character 
for each rotational level. The 7f state is well described by 
Hund’s case (d) coupling scheme, so that, as a result of I 
uncoupling, various A components are mixed with each oth- 
er. The fraction of each A component can be evaluated by 
diagonalization of the molecular Hamiltonian9*25 





constituted by the case (b) wave function basis set 




Anezaki et al.9 and Biemacki et al. i4 obtained term energies 
of the 7f state (v = 1) in this way, by using vibronic energies 
calculated with a long range interaction model, which was 
described in Sec. I. Their calculated energies are in good 
agreement with the observed ones within an error of 1 cm - ‘. 
Using the same vibronic energies as used by Anezaki et a1.,9 
we can evaluate the fraction of the fc component in each 
level of the 7f state (u = 1) by squaring the expansion coeffi- 
cient of the basis function r,& = 1 N,O;I,O) . 
The calculated fractions of the fa component are shown 
in Table II together with total decay rates derived from the 
linewidths measured by Biernacki et all4 The total decay 
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TABLE II. Fractions of the&character and total decay rates of rotational 
levels in the If (v = 1) state. 
If rot. state 
R=O,eY=3,N=3 












R=2,Y=O,N=2 0.0 5.40 (0.75) 
R=2,Y=l,N=3 15.3 24.06 (1.88) 
R = 3,Y = - 3,N = 0 100.0 148.09 (19.92) 
R=3,Y= -2,N=l 0.0 4.08 (0.57) 
R = 3,Y = - l,N= 2 25.1 36.25 (5.09) 
R=4,Y= -3,N=l 55.9 66.29 (7.60) 
R=4&?= -2,N=2 0.0 7.79 (0.82) 
R=4,9= - l,N=3 22.0 43.17 (2.51)“ 
R=4,Y=O,N=4 
35.06 (2.07)’ 
0.0 5.78 (0.63) 
R=4,Y=l,N=5 17.1 29.59 (4.46) 
“From Ref. 14. Values in parentheses are uncertainties. 
bValues obtained from a linewidth of the ‘R-, branch (N * = 0). 
‘Values obtained from a linewidth of the ‘P- , branch (N” = 2). 
d Values obtained from a linewidth of the 'P- I branch (N” = 4). 
‘Values obtained from a linewidth of the *R- , branch (N” = 2). 
rates should include contributions other than the one due to 
Z + states. In the present case, it is reasonable to assume that 
magnitude of those contributions is represented by the decay 
rates of the even 2 levels. Subtracting the averaged value of 
these rates ( = 5.76X lo9 s- ‘), we show in Fig. 4 the re- 
maining parts of the total decay rates for the odd 2 levels, 
which are the only levels that can havefa character. In Fig. 
4, the fo fractions are also plotted to show the relation be- 
tween these two quantities. Note that the scales of the two 
vertical axes for the total decay rate and fo fraction are ad- 
justed SO that the data points coincide with each other at the 
R = 3, 2 = - 3, N = 0 level. We can see in Fig. 4 that the 
fu component and total decay rate show an excellent corre- 
lation. This clearly proves that the total decay rates of the 
odd .2? levels are governed by contributions from B + states. 
Moreover, it is obvious that the dominant contribution 
arises from direct coupling with Z + valence states, because, 
if the coupling were an indirect one via other Rydberg states, 
variation of energy gaps between the perturbing and per- 
turbed rotational levels should smear such a clear correla- 
tion. From this result and the fact that total decay rates of 
the odd Y levels are predominantly determined by predisso- 
ciation rates, we can conclude that those predissociation 
processes are due to direct coupling with the Z + valence 
states. 
Although, for the t, = 0 level of the 7f state, a very weak 
perturbation by the 7do-,n-+ Rydberg states is reported by 
Gauyacq et a&l2 high resolution measurement of the 7ftA 
( 1,l) transition by Biernacki et all4 shows that in low N 
levels of the 7f state (V = 1) there are no apparent perturba- 
tions from other Rydberg states. This may also support the 
validity of our assertion that direct coupling with valence 
states is most significant. 
Linewidths of the 12f and 15f+A (1,l) transitions 
have also been measured by Biemacki et all4 Drawing a 
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chart similar to Fig. 4, we find that, in contrast with the 7f 
state, there is no definite correlation between calculated fa 
fractions and total decay rates in either the 12f or 15f state. 
This suggests that, in addition to direct coupling, indirect 
coupling via other Rydberg states considerably contributes 
to decay processes in the 12f and 15f states. This may mean 
that indirect coupl;ng becomes more significant with in- 
crease of the principal quantum number. However, it can be 
seen that, even in these high n states, lifetimes of the odd 9 
levels still tend to be shorter than those of the even 2’ levels. 
This fact suggests, at least, that the fo component also plays 
an important role in such highly excited states. 
D. Valence states responsible for predissociation 
As shown in Fig. 1, the 7f state (V = 1) has three open 
dissociation channels. Possible dissociation channels 
for N(4S) production are N(4S) +O(‘D) and N(4S) 
+ O(3P). While the N(4S) + O( ‘D) combination gives 
48 -, 411, and 4A molecular states, B + state cannot be de- 
rived from this combination.26 On the other hand, 22 + , ‘II, 
42 + , 411, ‘?X +, and ‘%I molecular states can be derived from 
the N(4S) + O(3P) combination.26 As discussed in Sec. 
III C, the main dissociative valence state responsible for 
N(4S) production should be a I: + state. This means that the 
N( 4S) -generating predissociation process should be due to 
the N( 4S) + O(3P) channel. Therefore, the dissociative 
state responsible for N(4S) production can be unambiguous- 
ly identified as the A ’ *2 + state, which is the only 28 + state 
that converges to this channel. 
I”““““’ 1 
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FIG. 4. Rotational state dependence of total decay rates (0) and fractions 
ofthefkharacter (A) in the Ifstate (v = 1). For the total decay rate, the 
averaged rate of the even -Y levels has been subtracted from each value 
showninTableII(seethetext).ForeachoftheR=2,Y= -l,N=l 
and R = 4, 2 = - 1, N = 3 levels, two total decay rates obtained from 
linewidths of different rotational branches are plotted (see Table II). 
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As discussed in Sec. III B, the N( ‘D)-generatingpredis- 
sociation rate also shows considerable dependence on the 
parity of the 2Y quantum number. Consequently, it is rea- 
sonable to assume that there is a large contribution from 
dissociative H + valence states for this predissociation pro- 
cess. The I 22 + state converging to the N( 2D) + O( 3P) 
limit is a possible candidate for this dissociative state.‘2.27 
The fact that the even 2 levels also predissociate to N(2D) 
indicates the presence of an additional interaction with Z - 
symmetry states. Those dissociative states can be identified 
as B ‘II and/or B’ 2A states converging to the 
N( 2D) + O(3P) limit. Both of these two valence states are 
parity-degenerate states and are expected to contribute to 
the predissociation of both even and odd Y levels. Strong 
interactions of these valence states with p and d Rydberg 
states have already been pointed out.‘2V27 
The potential curves of the A ’ ‘I; + and I 22 + states do 
not intersect the 7fpotential curve in the vicinity of the ob- 
served energy region,2G29 as shown in Fig. 5 (in which the 7f 
potential curve is not explicitly shown but is very similar to 
the ground state potential of NO + ), This may result in 
small coupling between these valence states and the 7f Ryd- 
berg state. On the other hand, the B *II and B ’ 2A potential 
curves pass through the minimum of the Rydberg potential, 
and thus offer a much larger Franck-Condon factor for the 
predissociation. However, if these states predominantly gov- 
ern the predissociation processes, the rotational state de- 
pendence of the predissociation rates should be less remark- 
able than the present result because the B ‘II and B ’ 2A 
states are parity-degenerate states. As long as we judge from 
the present result, it is most reasonable to consider that the 
A ’ ‘2 + and I 22 + states are major contributors to the pre- 
dissociation processes in spite of their poor Franck-Condon 
factors. The reason why the contribution from the B and B ’ 
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states is so small is not obvious at present. The electronic 
coupling between these states and thef Rydberg state might 
be considerably weak. In any case, it seems that there have 
been no investigations concerning this issue. Finally, we 
should note that the position and shape of the A ’ and I poten- 
tial curves shown in Fig. 5 are not absolutely reliable. Spe- 
cifically, to our knowledge, there have been no experimental 
studies confirming the validity of the A ’ potential curve. 
Therefore, it is reasonable to consider that there is still ambi- 
guity on the crossing points of the potential curves. It is quite 
probable that the Franck-Condon factors of the A ’ and I 
states with the 7f Rydberg state is much larger than expected 
from Fig. 5. For detailed discussion on the coupling between 
valence and f Rydberg states, we need more experimental 
and theoretical information. 
IV. CONCLUSION 
In this work we have shown that the 7f state (V = 1) of 
the NO molecule decays not only through an autoionization 
process but also through more than one predissociation pro- 
cess generating NC2D> and N(4S’) atoms. We have found 
that there is remarkable rotational state selectivity in the 
predissociation rates. In addition, it has been shown that the 
rotational state dependence of total decay rates of the 7fstate 
(v = 1 ), which have previously been measured by Biernacki 
et al., can be interpreted in terms of direct coupling with 
dissociative C + valence states. From these results, it has 
been found that predissociation processes in the odd 2’ lev- 
els are due to direct coupling with the A ’ 22 + and I22 + 
valence states, while predissociation processes in the even 2’ 
levels are presumably attributed to the B 211 and/or B ’ 2A 
states. 
Although in this paper we have concentrated upon the 
7f state (u = 1 ), considerable production of fragment nitro- 
gen atoms is observed also in much higher nf Rydberg states, 
as reported in our previous paper.22 Considering this fact as 
well as the present result, it may safely be said that predisso- 
ciation generally plays an important role in the decay pro- 
cesses of nf Rydberg states of the NO molecule. 
The presence of predissociation processes suggests also 
a complicated autoionization mechanism in the nf state. In 
superexcited states, interactions with valence states not only 
cause predissociation but also induce electronic autoioniza- 
tion, which is often much faster than rotational and vibra- 
tional autoionization2’ Previous photoelectron spectro- 
scopic studies show that electronic autoionization 
contributes considerably to autoionization processes in the 
predissociative np and nd states of NO.27,3o Considering 
these facts, it is very likely that not only a simple vibrational 
autoionization process, which is induced by a long range 
interaction with the ion core, but also the electronic autoion- 
ization process caused by coupling with valence states, are 
both important in the nf state. 
R (a.u.) 
FIG. 5. Potential curves of NO (from Refs. 26-29) related to the present 
work. The curve of the 7f Rydberg state is very close to that of the ground 
X’I’ stateofNO+. 
It seems that there has been no report on the contamina- 
tion off Rydberg states by valence states. Previous studies on 
nf Rydberg states have mainly concentrated on energy level 
measurements. However, direct coupling with continuum 
states hardly affects term energies. This may be one of the 
reasons why the energy level measurements have failed in 
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determining whether mixing occurs with dissociative va- 
lence states. The present work is, we believe, the first study 
that has pointed out the significance of direct coupling of nf 
Rydberg states with valence states. 
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